mentosum, Cockayne syndrome, and trichothiodystrobated with antibodies against TFIIH, and TIF-IB was visualized on immunoblots with antibodies against phy (Lehmann, 2001) .
In this study, we present experimental evidence that, TAF I 95. As demonstrated in Figure 1D , a significant portion of TIF-IB coprecipitated with TFIIH (lanes 3 and 4). besides its established roles in Pol II transcription and nucleotide excision repair, TFIIH serves a function in Significantly, the TFIIH/TIF-IB complex was not dissociated by 0.7 M KCl (lane 4), demonstrating the tight assoribosomal gene transcription. We show that part of cellular TFIIH is localized within the nucleolus at sites of ciation of TFIIH with TIF-IB. active rDNA transcription. Significantly, Pol I transcription declines with similar kinetics in yeast strains harbor-TFIIH Localizes to Sites of Active rRNA Synthesis ing temperature-sensitive mutations of either TFIIH or If a subfraction of TFIIH was involved in Pol I transcripPol I. Biochemical fractionation and immunoprecipitation, one would expect that it localizes to the nucleolus. tion experiments reveal that TFIIH is associated with To evaluate the nuclear distribution of TFIIH in living two components of the Pol I transcription apparatus, cells, human fibroblasts that have a mutated XPB gene e.g., TIF-IB and Pol I. Consistent with an essential role were transfected with an expression vector encoding a in rRNA synthesis, purified TFIIH stimulates Pol I tran-GFP-XPB fusion protein. Cell lines were selected that scription in a reconstituted system, and depletion of stably express the fusion protein at physiological levels. TFIIH from in vitro assays abrogates Pol I transcription.
Western blot analysis and immunoprecipitation experiThese observations suggest an important function of ments revealed that GFP-XPB was incorporated into the TFIIH on the cells' overall metabolic activity and may TFIIH complex and corrects the UV sensitivity of the explain some of the clinical features that are associated parental cell line (data not shown). Confocal microscopic with inherited TFIIH defects.
analysis of fibroblasts that stably express XPB-GFP revealed a homogenous green fluorescence signal throughout the nucleus ( Figure 2A ). In addition, virtually all cells Results displayed localization of tagged TFIIH within the nucleoli.
Similar patterns were observed in SV40 transformed TFIIH Is Associated with a Subpopulation wild-type fibroblasts that were immunostained with antiof Pol I and TIF-IB bodies against other subunits of TFIIH (data not shown). Mammalian Pol I is heterogeneous with regard to chro-
Thus, TFIIH is localized to both the nucleoplasm and matographic properties, electrophoretic mobility, and nucleoli. ability to support specific transcription of rDNA (reTo examine whether endogenous TFIIH localizes to viewed in Grummt, 1999). The initiation-competent form sites of active rDNA transcription, the intranucleolar disof Pol I is associated with accessory proteins that contribution of TFIIH was analyzed by electron microscopy tribute to ribosome biosynthesis. Unexpectedly, when and immunogold labeling ( Figure 2B ). Staining with antithe Pol I holoenzyme was examined for immunoreactivbodies against XPD revealed a higher density of TFIIH ity toward different subunits of TFIIH, all subunits of in nucleoli than in the nucleoplasm. Significantly, immu-TFIIH were consistently found (data not shown). To exnogold particles were enriched in the dense fibrillar comamine whether TFIIH is physically associated with Pol ponent of nucleoli, the sites of active rDNA transcription I, a partially purified Pol I preparation was further frac-(Hozá k et al., 1994), suggesting a role of TFIIH in rRNA tionated on a MonoQ-FPLC column ( Figure 1A , Monosynthesis. Q1). While this chromatographic step separated the majority of TFIIH from Pol I, a significant portion ‫)%5ف(‬ of TFIIH coeluted with Pol I. Western blots with antibodies TFIIH Is Essential for rDNA Transcription In Vivo The structural and functional conservation of basal tranagainst subunits of TFIIH, e.g., XPB and p62, revealed that rechromatography of TFIIH-containing Pol I fracscription machineries between yeast and mammals prompted us to investigate whether TFIIH is involved in tions (#17-22) did not remove TFIIH (MonoQ2).
To examine whether Pol I associated with TFIIH is the rDNA transcription in vivo. We used yeast strains that carry temperature-sensitive mutations of TFIIH subtranscription-competent enzyme moiety, we precipitated Pol I from TFIIH-containing fractions with antibodunits, i.e., Tfb1 and Kin28, the yeast homologs of p62 and Cdk7, and measured the amount of newly syntheies against Pol I (␣-RPA53) and TFIIH (␣-XPB), respectively, and monitored coprecipitation of Pol I and TFIIH sized 35S pre-rRNA versus stable 25S rRNA at various times after shifting to the nonpermissive temperature. on Western blots ( Figure 1B) . Consistent with TFIIH being associated with Pol I, comparable amounts of Pol I As demonstrated in Figure 3 , pre-rRNA synthesis was greatly reduced in TFIIH mutant strains (tfb1-ts and and TFIIH were coimmunoprecipitated with either antibody. In parallel, the immunoprecipitates were assayed kin28-ts). At the restrictive temperature, rpa43-ts, a gene encoding an essential subunit of Pol I, pre-rRNA synthefor Pol I activity in a reconstituted system. No transcripts were synthesized in the presence of control beads (Figsis dropped with similar kinetics and to the same extent as in tfb1-ts and kin28-ts. Thus, the phenotype of the ure 1C). In contrast, both immunoprecipitates efficiently promoted rDNA transcription, indicating that TFIIH is TFIIH mutants resembles that of rpa43-ts. Pol I transcription in wild-type strains remained essentially unafassociated with the transcriptionally competent form of Pol I. fected under the same experimental conditions. To rule out that impaired rDNA transcription in the TFIIH muMoreover, all preparations of TIF-IB, the Pol I-specific murine TBP-TAF complex, contained significant levels tants was due to inhibition of Pol II transcription, we performed control experiments with the yeast strain of TFIIH. To find out whether TFIIH is physically associated with TIF-IB, a TIF-IB-containing fraction was incurpb1-1 that carries a temperature-sensitive mutation in TFIIH-deficient and TFIIH-containing TIF-IB, we purified TIF-IB by immunoprecipitation with ␣-TBP and ␣-p62 TFIIH Is Required for rDNA Transcription In Vitro antibodies, respectively. After precipitation with antiGiven that two major components of the transcription TBP antibodies and stringent washing, TIF-IB was virtuapparatus, e.g., Pol I and TIF-IB, are associated with ally free of TFIIH ( Figure 4C ). Precipitation with ␣-p62 TFIIH, we sought to compare the transcriptional activity antibodies, on the other hand, selectively enriched of purified murine Pol I and TIF-IB that either contain or TFIIH/TIF-IB complexes. The rationale of this experilack TFIIH. Following the purification scheme depicted mental approach was to use equal amounts of TIF-IB in Figure 4A , fractions of both Pol I and TIF-IB were and TIF-IB IIH derived from the same fraction to rule out obtained that differ in their content of TFIIH. Transcripthe possibility that transcription activation with TIF-IB IIH tional activity was assayed in a reconstituted system was due to positive cofactors that may be present in that contained Pol I and TIF-IB that either lack or contain the fractions used. In the absence of TIF-IB, no specific endogenous TFIIH. As shown in Figure 4B, subfractions of both Pol I and TIF-IB provides an explaformed. A fraction containing all proteins required for Pol I transcription (DEAE-280; Schnapp and Grummt, nation why the requirement of TFIIH in Pol I transcription has not been noted before. In the reconstituted system 1996) was depleted from TFIIH by incubation with antibodies against cdk7 before the transcriptional activity used, Pol I and TIF-IB were purified from selected fractions that exhibit high specific transcriptional activity. of the fraction was assayed. Significantly, depletion of TFIIH by ␣-cdk7 severely reduced Pol I transcription, These fractions turned out to correspond to Pol I IIH and TIF-IB IIH , and therefore, the system did not require exogwhereas depletion of Pol II by ␣-RPB1 did not affect enous TFIIH. rDNA transcription ( Figure 5A ). Next, we used a TFIIH-deficient reconstituted transcription system to examine whether exogenous TFIIH TFIIH Complements Transcriptional Activity would complement transcriptional activity. Initially, we in a TFIIH-Deficient System used partially purified TFIIH and found that addition of To demonstrate the requirement of TFIIH in rDNA transcription, immunodepletion experiments were perthis fraction to transcription assays lacking TFIIH re- that activation by TFIIH was not due to contaminating correctly terminated transcripts were produced. Significantly, TFIIH-mediated transcription activation occurred Pol I transcription factors in the TFIIH preparation. To exclude the possibility that a hitherto unknown activity on both linear and circular DNA, and the same level of activation was observed regardless of whether the present in the partially purified TFIIH preparation was responsible for transcriptional activation, we purified assays contained ATP or AMP-PNP. This demonstrates that, in contrast to Pol II, the topology of the template TFIIH to molecular homogeneity by biochemical fractionation followed by immunopurification with anti-p44 does not affect the requirement for TFIIH and neither the ATPase, helicase, nor protein kinase activity of TFIIH antibodies. This highly purified TFIIH reconstituted transcriptional activity in the TFIIH-deficient transcription are required for Pol I transcription activation.
In an attempt to pinpoint the step(s) at which TFIIH system, too ( Figure 5C ). To substantiate the specificity of transcriptional activation by TFIIH, the purified TFIIH affects Pol I transcription, we have adopted the abortive initiation assay. This assay takes advantage of the fact complex was incubated with antibodies against XPD and p62 before adding to the transcription reactions that functional initiation complexes can cycle short RNA products specific to the transcriptional start site when ( Figure 5D 
